After the LHC is turning on and accumulating more data, the TeV scale seesaw mechanisms for small neutrino masses in the form of inverse seesaw mechanisms are gaining more and more attention once they provide neutrino masses at sub-eV scale and can be probed at the LHC. Here we restrict our investigation to the inverse type II seesaw case and implement it into the framework of the 3-3-1 model with right-handed neutrinos. As interesting result, the mechanism provides small masses to both the standard neutrinos as well as to the right-handed ones. Its best signature are the doubly charged scalars which are sextet by the 3-3-1 symmetry. We investigate their production at the LHC through the process σ(p p → Z * , γ * , Z → ∆ ++ ∆ −− ) and their signal through four leptons final state decay channel.
I. INTRODUCTION
The end of second phase of the LHC and the future plans for the high luminosity LHC and the 100 TeV Chinese collider brings new encouraging perspectives for the theoretical physics community. These new perspectives usher the development of a plethora of models beyond Standard Model (BSM), each one with his particular signatures and phenomenological impli-
cations. An important class of BSM models are those that incorporate seesaw mechanisms for small neutrino masses whose signature could be probed at current and future energies at the LHC. In this regard, the most popular mechanism capable of generating neutrino masses at sub-eV scale and providing a signature at TeV scale are the inverse seesaw mechanisms. The main idea of these mechanisms is that lepton number is explicitly violated at very low energy scale.
Inverse seesaw mechanisms can be implemented into the standard model in three different ways. The inverse type I seesaw mechanism[1] is, by far, the most well known. It consists in adding to the standard model particle content new neutrinos in the singlet form. It is also possible to perform such mechanism by adding triplet of scalars to the standard model content [2] [3] [4] [5] . We refer to this case as the inverse type II seesaw mechanism. Another possibility of implementation is by adding triplet of fermions to the standard model content [6, 7] .
In this work we introduce a novel approach which consist on embedding the inverse type II seesaw mechanism into the structure of the 3-3-1 model with right-handed neutrinos [8] [9] [10] and explore their phenomenological consequences. This new procedure requires the addition of a sextet of scalars to the original scalar content of the model. As main feature, this methodology provides small masses to both left and right-handed neutrinos. For completeness, we develop the scalar sector of the model and focus our attention into the set of scalars which compose the sextet. We show that, after SU(3) symmetry breaking, these scalars decouple from the original scalar content of the model. To demonstrate the viability of probing the new content presents in our model, we make use of Monte Carlo generators to test its signature in the form of doubly charged scalar produced at the LHC.
The rest of the paper is organized as it follows: In the section II we revisit the different seesaw mechanisms and in the section III we implement the Inverse Type II SeeSaw mechanism into the 3-3-1 model. We demonstrate the full particle spectrum and the new features that appear within this approach. In the section IV we present the possible manners to probe our model at the LHC and future colliders. In the section V we present our conclusions.
II. INVERSE SEESAW MECHANISMS A. Inverse type I seesaw mechanism
The implementation of the inverse type I seesaw mechanism[1] into any particle physics model requires the existence of six right-handed neutral fermions (N i R , S i R ) in addition to the three standard model ones ν i L with i = 1, 2, 3. This mechanism requires the following mass terms,
With the basis ν = (ν L , N C R , S C R ), we can write the terms above as it follows,
where
with m D , M N and µ being 3 × 3 mass matrices. Without loss of generality, we consider µ diagonal and assume the following hierarchy µ << m D << M N . We emphasize that after block diagonalization of M ν we obtain, in a first approximation, the following effective neutrino mass matrix for the standard neutrinos [11] :
while the heavy neutrinos obtain mass proportionally to M N . We call this mechanism the inverse type I seesaw mechanism. There are two aspects that makes it profoundly distinct from the canonical case [12] [13] [14] [15] , namely, the double suppression by M N , which is an additional mass scale related to the six new right-handed neutral fermions, and the mass scale µ, which is assumed to be very low [16] . The sub-eV active neutrino masses are then obtained by keeping N . The phenomenological appeal of this mechanisms is that it works at TeV scale and then can be probed at the LHC [17] [18] [19] [20] [21] . One should notice that inverse seesaw mechanisms seems more natural than the canonical one because µ → 0 enhances the symmetry of the model [22] . For an implementation of this mechanism into the 3-3-1 model, see: [23] B. Inverse type II seesaw mechanism Another approach for implementing inverse seesaw mechanism into the standard model (SM) is by adding a triplet of scalars to the SM particle content [2] [3] [4] [5] ,
The most simple gauge invariant potential composed by ∆ and the standard scalar doublet
T involves the following terms:
Remember that ∆ carries two units of lepton number. We draw attention to the trilinear term in the above potential. Perceive that this term violates explicitly lepton number by two units.
In the SM perspective, when the neutral component of the doublet Φ develop a non zero vacuum expectation value (VEV) the electro-weak symmetry is broken and the mass of fermions arises as a result of the Higgs mechanism through the presence of Yukawa couplings of the fermion fields with the Higgs doublet. By similar way, the addition of the triplet ∆, with its neutral component developing a nonzero VEV, opens the possibility of generating neutrino masses, as we are going to see further on.
In order to develop the scalar sector and obtain its spectrum, we re-parametrize the neutral components of Φ and ∆ in the usual way,
The VEV v ∆ modifies softly the ρ-parameter in the following way:
. The current value ρ = 1.0004
+0.0003
−0.0004 [24] implies the following upper bound v ∆ < 3GeV. The regime of energy we are interested here is around eV for v ∆ , which satisfy the upper bounds limits on ρ.
After the re-parametrization, the set of constraint equations,
guarantee the potential above has a global minimum.
Just like the type I seesaw mechanism, where the bare mass terms for the right-handed neutrinos are assumed to lie around keV scale, here we also suppose that the parameter µ in Eq. (23) lies around keV scale, too. As we will show, this assumption implies a small VEV for
The first constraint in Eq. (8) 
The Eq. (9) is the main result of the inverse type II seesaw mechanism. As one can see, the parameter v ∆ gets suppressed due to the small energy scale associated to lepton number violation, µ. In this manner, v ∆ at eV scale requires M ∆ around TeV and µ around keV scale (while v φ is the electroweak scale).
With ∆ and the standard leptonic doublet L = (ν , e) T L we have the following The Yukawa interactions,
When ∆ develops a VEV, v ∆ , the Yukawa interactions provides the following expression to the neutrino mass,
As interesting aspect emerging from this mechanism see that Eq. (11) recovers Eq. (4) with the advantage that now the structure of the mass matrices becomes much more simple to handle.
This neutrino mass generation mechanism is known as the inverse type II seesaw mechanism [2] [3] [4] [5] . Its main signature are singly and doubly charged scalars belonging to the triplet ∆ whose mass values must lie around the TeV scale and therefore can be probed at the LHC [5] .
C. Spectrum of scalars
From the scalar potential in Eq. (6) , and the constraint equations in Eq. (8), we obtain a 2 × 2 mass matrix for the CP-even neutral scalars. Imposing the limit v φ µ, v ∆ , the diagonalization of this matrix provides the following eigenvalues,
with the respective eigenvectors,
where h 0 is the standard Higgs, while H 0 is a second Higgs that remains in the model. For
In this case h 0 decouples from H 0 .
For the CP-odd neutral scalars the 2 × 2 mass matrix in the limit v φ µ > v ∆ gives us the following eigenvalues:
and their respective eigenvectors,
with
Assuming v φ v ∆ , we have sin β → 0 and cos β → 1 which implies that G 0 decouples from A 0 . In this case we see that G 0 is the Goldstone boson that will be absorbed by the SM neutral gauge boson Z, and A 0 is a massive CP-odd scalar that remain in the particle spectrum.
Regarding the singly charged scalars, their eigenvalues and eigenvectors are obtained from a 2 × 2 mass matrix whose diagonalization provides, in the limit v φ v ∆ , µ, the following eigenvalues:
where G + is the Goldstone boson absorbed by the SM charged gauge bosons, W ± , while H ± are massive scalars remaining in the spectrum. The mixing mass matrix for ∆ ± and φ ± is the same as in Eq. (15). Thus, in the limit v φ v ∆ , the new singly charged scalars also decouples from the SM content.
In regard to the doubly charged scalars, ∆ ±± , we obtain the following expression for its mass
completely from the standard model scalar content.
In summary, the inverse type II seesaw mechanism is a phenomenological viable seesaw mechanism whose signature are scalars with mass at the TeV scale which concretely can be probed at the LHC [5] .
III. THE INVERSE TYPE II SEESAW MECHANISM AND THE 3-3-1 MODEL WITH RIGHT-HANDED NEUTRINOS
A. Revisiting the model
The leptonic content of the model is arranged in a triplet and singlet of leptons in the following form [8] [9] [10] 
with a = 1, 2, 3 representing the three SM generations of leptons.
In the Hadronic sector, the first generation comes in the triplet and the other two are in an anti-triplet, as a requirement to anomaly cancellation and are represented as follows,
where the index i = 1, 2 is restricted to only two generations. The primed quarks are new heavy quarks with the usual (+ ) electric charges.
The original scalar content of the 3-3-1 model carries three scalar triplets,
with η and χ transforming as (1 , 3 , −1/3) and ρ as (1 , 3 , 2/3).
The Yukawa lagrangian of the model is described by the following terms:
where a = 1, 2, 3. For the sake of simplicity, we considered the charged leptons in a diagonal basis.
The 3-3-1 model recovers the standard gauge bosons, as a consequence of the model we have the addition of five more vector bosons called
The most general gauge invariant potential is given by the following terms:
The simplest scenario is when the VEV structure of the 3-3-1 model comes in a diagonal form, i.e. only η 0 , ρ 0 and χ 0 develop VEV. In this case, considering the expansions around the VEV:
Replacing E.q. (24) in the potential (23), we get the set of constrains:
The 3-3-1 model recovers all the predictions of the standard model and provides a set of new physics predictions which can be probed at the LHC. However, the model, in its original form, does not address mass to the neutrino content. One interesting way of including mass terms to the neutrinos is by implementing the inverse type II seesaw mechanism into its framework.
B. Implementing the type II seesaw mechanism into the 3-3-1 model
The implementation of the mechanism into the 3-3-1 model requires the addition of a sextet of scalars [25] to the original scalar content of the 3-3-1 model,
With S and the triplets f we form the following Yukawa interaction,
Observe that when we assume that only ∆ 0 and σ 0 develop VEV different from zero, this
Yukawa interaction provides the following mass terms for the left-handed and right-handed neutrinos,
In this point it turns important to check if the minimal condition constraints over the VEVs allow such choice.
In order to have the simplest gauge invariant potential that violate explicitly lepton number, which is necessary for we have the seesaw mechanism, we resort to a Z 3 discrete symmetry with the fields of interest transforming as (S, f ) → w(S, f ) and (η, χ) → w −1 (η, χ) where w = e 2πi/3 .
In this case, the new potential involves the following terms:
Assuming that only ∆ 0 and σ 0 develop VEVs, and expanding them around their VEVs in the usual way,
then the potential above provides the following set of constraint equations,
which guarantee that the potential develops a global minimum.
As the sextet S is an extension of the 3-3-1 model, it is natural to expect that its content be heavier than the original 3-3-1 scalar triplets. In view of this, the parameter µ S in the last two relations in Eq. (31) must dominate over the other ones, except the last ones (M 1
Consequently, the last two relations provide the following expressions for the VEVs v σ and v ∆ :
This is the inverse type II seesaw mechanism where tiny VEVs, v ∆ and v σ , is an implication of the smallness of the parameters M 1 and M 2 . Observe that v χ > v η implies v σ > v ∆ which generates a hierarchy among:
Replacing the above expressions for the VEVs v ∆ and v σ in Eq. (28), we obtain the following expressions for the neutrinos masses,
These expressions are remarkably similar to the one in Eq. 
The current set of experimental data in neutrino physics is not enough to fix all the Yukawa coupling, G's. Despite that, as illustrative example, we chose G 
These predictions provide the following mass differences:
which explain solar and atmospheric neutrino oscillation experimental results [24] .
Because m ν L and m ν R , both, share the same set of Yukawa couplings, then the mechanism predicts right-handed neutrinos with the following masses,
Right-handed neutrinos are naturally heavy particle because they are singlet by the standard symmetry. Here we are obtaining a interesting result that is light-right-handed neutrinos. This is a astonishing result.
In what concern the relations between flavor and mass eigenstates, we have,
For the set of Yukawa couplings choose above, the respective mixing matrices for the left and right-handed neutrinos are given by: 
Thus, we succeeded to implement the inverse type II seesaw mechanism into the 3-3-1 model with right-handed neutrinos. As nice result the mechanism predicts tiny masses for both lefthanded and right-handed neutrinos.
C. The Spectrum of scalars
After the implementation of the mechanism, the next point is to present and develop its signature. In this perspective, it is a mandatory step to develop the potential in Eq. (29) considering the minimum condition equations in Eq. (31). Basically we check the mixture among the scalars that belong to the sextet with the original content of scalars of the model.
This just requires we present the mass matrices in their correct basis.
Let us begin with the CP-even neutral scalars. As basis we take R = (R χ , R η , R ρ , R ∆ , R σ , R Φ , R χ , R η ). In this case we obtained the following mass matrices for the CP-even neutral scalars:
where,
and
One should notice that in our case v σ , v ∆ and M are much smaller than v η , v ρ and v χ .
Then we have:
This means that R ∆ , R σ , R Φ decouples from the original scalar content of the 3-3-1 model. This is a remarkable result once will facilitate the search for the signature of the mechanism in the form of doubly charged scalars. We do not show here but this behavior is kept with the CP-odd neutral scalar content.
For the singly charged scalar fields, considering the basis (η
, so we obtain:
The elements M Finally, with help of the fourth expression in (31), we can write
In summary, in the regime of energy of validity of the inverse type II seesaw mechanism, the particle content of the sextet of scalars decouples from the original scalar content of the 3-3-1 model.
This analysis allows we conclude that the doubly charged scalar turn out to be the best candidate for the signature of the model. With this in mind, in the next section we present the prospects for detecting such scalar at the LHC. For this we consider a production of two doubly charged scalar in the resonance of Z channel, followed by its dominant decay into pairs of leptons.
IV. PROBING THE SIGNATURE OF THE MECHANISM AT THE LHC
The doubly charged scalars ∆ ±± can be probed at the LHC by producing and detecting their final decay states. In this section we restrict our investigation to the process pp → Z , γ , Z →
As final product, we consider pairs of leptons and anti-leptons. Moreover, in order to enhance the production of ∆ ±± we estimate the cross section of the process in the resonance of Z . This is justified due to the fact that the detection of ∆ ++ in the form of leptons as final product involves tiny Yukawa couplings G ij . Our analysis is done for the specific setting of Yukawa couplings considered in the example presented before: We also discuss the relevance of Z channel in relation to the standard γ and Z channels. We estimate the profile likelihood for the identification of the doubly charged scalar and the Z over the SM four leptons background. In order to simulate the necessary data of our events, we make use of the package FeynRules [26] which provide as an output UFO [27] which is used by Madgraph5 [27] to generate the events.
For a small v ∆ , which is our case, we have that ∆ ++ will decay dominantly in pair of leptons [28] . For the set of Yukawa couplings of the example above, the branching ratio of the decay of ∆ −− in pair of electrons is very small, while the decay into pairs of taus is dominant.
However, due to the low tau tag efficiency and the fact that taus prefer to decay into hadrons all this make this channel a poor choice to properly reconstruct ∆ ±± and Z . In view of this, the best choice seems to be to consider the decay of ∆ −− into pairs of muons. This is a reasonable choice since the model predicts the following branching ratio for this channel: 
As one could expected, the cross section for 14 TeV is small, compared to 28 TeV and 100
TeV, and the detection of Z and ∆ ±± would require great amount of luminosity. However, the cross section for 28 TeV and 100 TeV are encouraging and justify go further.
The results of our analysis are displayed in Figs.2 and 3. In Fig.2 , we present the cross section dependence with the masses of ∆ ++ and Z for the LHC running with energy of 14 TeV, 28 TeV and 100 TeV. As we mentioned before, the chosen set of Yukawa couplings are not robust enough to provide sufficient events for the √ s = 14 TeV center of mass energy. However, for the LHC running at 28 TeV or 100 TeV, our result are optimistic regarding the value of the cross section and consequently the expected number of events. We emphasize that these results are not definitive once it is plausible to enhance the Yukawa couplings by handling fairly values to the VEVs of the sextet and consequently improving the results of the processes.
We remark that the contributions from the Z neutral gauge bosons to the ∆ ±± production play the key role in the detection of the same. We verify this by estimating the ratio
. In Fig. 3 we present the behavior of this ratio with the mass of ∆ ++ and Z . As one can see, the contributions from the Z neutral gauge bosons drastically modify the cross section of the full process and turns the signature viable for detection at future LHC runs We now turn our attention to the reconstruction and identification of Z and ∆ ±± . For that we make use of the profile likelihood for the process
We generate 50 thousand events for the signal and 450 thousand events for the background in MadGraph. The background process can be generalized as the process p p → µ
For the acceptance criteria, we require the presence of at least four muons in the final state with p T > 32GeV and |η| < 2.1. The relative muon isolation, the sum of transverse momenta of other particles in a cone of size ∆R = (∆φ) 2 + (∆η) 2 = 0.4 around the direction of the candidate muon divided by the muon transverse momentum, is required to be less than 0.2.
For the profile likelihood we keep the values of M Z = 4TeV and M ∆ = 700GeV.
We fully reconstruct Z using the object selection M (µ + , µ − , µ + , µ − ) which takes the mass of the four muons at the final state. In the fig. 4 we show the plot for M (µ + , µ − , µ + , µ − ) for signal and background events. As one can see, the majority of the events in the background remains below 1.5 TeV for the M (µ + , µ − , µ + , µ − ) object. Then we can safely conclude that the background contribution to the region we are interest to probe is below 0.05%.
With this in mind, we estimate the profile likelihood for identification of the double charged scalar and the Z over the background. Our results are displayed at Fig. 5 . We conclude that m Z and m ∆ can be measured with very good precision, of course that the systematic errors, including pdf uncertainties and the detector energy resolution, will be dominant for this case but their contributions are expected to not exceed few %. 
V. CONCLUSIONS
The inverse type II seesaw mechanism is a phenomenologically viable seesaw mechanism because its signature ought to manifests at TeV scale and, in this way, it can be probed at the LHC. When adapted to the 3-3-1 model with right-handed neutrinos, the mechanism has the capacity of generating small masses to both left-handed and right-handed neutrinos. In this point we draw attention to two facts. First, in the mechanism developed here the righthanded neutrinos are truly sterile neutrinos. This was obtained by assuming that the neutral component of the sextet, Φ 0 , does not develop VEV different from zero. Consequently, they do not interact with the standard gauge bosons. This fact avoids all the current cosmological constraints on light right-handed neutrinos that arise from the very early universe [29] [30] [31] . On the other hand, they are active in relation to interactions with the gauge bosons characteristic of the 3-3-1 symmetry, namely V ± , Z and U 0 . Second, the sextet scalar content decouples from the original scalar content of the 3-3-1 model. This facilitates the search for the signature of the model in the form of charged scalars that compose the sextet. In our study we restricted our investigation to the sought for the doubly charged scalars by producing it at the LHC through the process σ(p p → Z, γ, Z → ∆ ++ ∆ −− ) followed by their decays in pairs of muons and anti-muons. Our results suggest that both Z and the double charged scalars maybe be detected at the LHC with √ s = 28 TeV, but the higher chance to probe these new particles remains in the future √ s = 100 TeV collider.
